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Outline

2

✦ Jet reconstruction in CMS
‣ calorimeter jets
‣ jets-plus-tracks
‣ particle flow jets

✦ Jet energy calibration

✦ Jet commissioning results from 900 GeV 
and 2.36 TeV pp collisions

✦ Physics prospects with jets 
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The CMS detector

3

Minus SidePlus Side



K. KousourisHEP XXVIII -- 26 March 2010

The jet object
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Figure 1: Lego (top) and ρ − ϕ (bottom) views of a dijet candidate event recorded during a√
s = 900 GeV collision run by CMS. Charged particle tracks with pT > 1 GeV are depicted as

green lines. The transverse energies of ECAL and HCAL energy deposits contained in a single
calorimeter tower and ET > 0.3 GeV are represented by red and blue bars respectively. The
transverse momenta of the two jets are measured to be 45 GeV and 37 GeV for calorimeter jets,
39 GeV and 33 GeV for JPT jets and 39 GeV and 31 GeV for particle flow jets.

Dijet event from 
900 GeV pp collisions
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Jet clustering
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Principles of jet clustering
✦ simplicity
✦ collinear safety
✦ infrared safety
✦ robustness against 
pile-up and underlying 
event contamination

Jet clustering algorithms in CMS
✦ fixed cone
‣ iterative cone (used for 
triggering purposes)
‣ seedless infrared safe cone 
(time consuming with pile-up)

✦ successive recombination 
(clustering based on the pT weighted 
distance in y-φ plane between the 
constituents)
‣ kT

‣ anti-kT (behaves like a fixed 
cone algorithm)

➡ All jet clustering algorithms in CMS are 
applied on the 4-vectors of the constituents, 
regardless of the detector input.
➡ Jets in CMS are massive by construction.
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Calorimeter jets
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Calorimeter tower: 
ECAL crystals + 
HCAL segments

✦ The electromagnetic (ECAL) and hadron (HCAL) calorimeters 
are the principal instruments to measure jets
✦ HCAL cells and ECAL crystals are organized in projective 
calorimeter towers
✦ Calorimeter jets are formed by clustering the 4-vectors of 
calorimeter towers
✦ Due to the non-compensating nature of the CMS calorimetric 
system, the jet energy response is highly non linear

HCAL

ECAL
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Jets-plus-tracks
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9 

JPT corrections for dijet in event 6732761 

R. Bainbridge 

Corrected pT for jet #1!
! pT

jet! !" phi !

JPT! 25.8! 0.23! 0.23!

Step #2: “in-cone” tracks (red, x2)!
#! pT

trk
! Ecalo! "E!

1! 4.24! –2.70! 1.54!
2! 5.08! –3.23! 1.85!

Step #3: “out-of-cone” tracks (cyan, x6)!
#! pT

trk
! Ecalo! "E!

1! 1.69! -! 1.69!
2! 1.17! -! 1.17!

3! 0.30! -! 0.30!
4! 0.60! -! 0.60!
5! 0.40! -! 0.40!

6! 0.81! -! 0.81!

Highest pT AntiKt5 jet and generalTracks 

Corrected pT for jet #2!
! pT

jet! !" # !

RAW! 10.5! 1.94! -0.76!
ZSP! 16.9! 1.94! -0.76!

JPT! 18.7! 1.95! -0.69!

Step #4: efficiency! ! "E! ! ! !

In-cone! ! ! 0.12!

Out-of-cone! ! ! 0.41!

Direction correction!
"# (uncorrected) = 3.04!

"# (corrected) ! = 3.13!

Step #1: ZSP correction to jet #1!
! pT

jet! !" # !

Raw! 11.6! 0.27! 2.48!
ZSP! 17.2! 0.27! 2.48! 900 GeV data

ECAL
HCAL

✦ The Jet-plus-tracks algorithm starts 
with a reconstructed calorimeter jet and 
improves its energy and direction 
measurement by tracker information
✦ The momentum of “out-of-cone” tracks is 
added to the jet energy
✦ The momentum of “in-cone” tracks is 
added to the jet energy and the average 
expected calorimeter deposition is 
subtracted
✦ Key element: the single particle response

Dijet example from real data

Jet1 Jet2

Raw pT 11.6 10.5

JPT pT 25.8 18.7

CMS 
simulation 
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1 Introduction
Proton–proton collisions, delivered by the Large Hadron Collider (LHC) at CERN at centre-
of-mass energies (

√
s) of 0.9 and 2.36 TeV, and recorded by the CMS detector [1] in December

2009, are used to commission the particle-flow event reconstruction algorithm [2]. So far, the
particle-flow event reconstruction had been developed and evaluated solely with simulated
events. It aims at reconstructing all stable particles in the event, i.e., electrons, muons, photons
and charged and neutral hadron from the combined information from all CMS sub-detectors,
to optimize the determination of particle types, directions and energies. The resulting list of
individual particles can then be used, as if it came from a Monte Carlo event generator, to con-
struct a variety of higher-level objects and observables such as jets, missing transverse energy
(Emiss

T ), taus, charged-lepton and photon isolation, b-jet tagging, etc.

To illustrate the capabilities of the algorithm for individual particle reconstruction, a display of
an event, recorded at

√
s = 2.36 TeV and fully reconstructed with the particle-flow techniques,

is shown in Figs. 1 and 2. In Fig. 1, the individual reconstructed particles are displayed as small
circles. The estimated missing transverse energy, defined as the vectorial sum of the transverse
energies of all reconstructed particles, is of 1.9 GeV only, which confirms the ability of the
algorithm to accurately measure the event balance in the transverse plane. The reconstructed
particles were used as input to an anti-kT jet clustering algorithm [3]. This clustering produced
three high-pT jets, well visible in Fig. 2. The transverse momentum pT of each jet was obtained
from the sum of its constituent particle momenta.

Jet 1 

pT = 22 GeV/c  

Jet 2 

pT = 42 GeV/c  

Jet 3 

pT = 38 GeV/c  

MET = 1.9 GeV  

Figure 1: Display of a particle-flow reconstructed event, recorded at 2.36 TeV, in the (η, ϕ)
view. The reconstructed particles are represented as circles with a radius proportional to their
pT. The direction of the Emiss

T computed from all particles is drawn as a solid horizontal straight
line. The particle-based jets with pT > 20 GeV/c are shown as thinner circles representing the
extension of the jet in the (η, ϕ) coordinates.
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Particle flow jets
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✦ Optimal utilization of the 
excellent tracker performance 
and the fine ECAL granularity 
for a global event reconstruction
✦ The particle flow algorithm 
reconstructs all the individual 
particles. Relevant for jets are:
‣ charged hadrons (tracker
+ECAL+HCAL signal 
compatibility)
‣ photons (ECAL only)
‣ neutral hadrons (HCAL only)

✦ Particle flow jets result after 
the clustering of reconstructed 
particles
✦ Excellent response and 
resolution for particle flow jets

3-jet event 
from 900 
GeV data

CMS 
simulation 

Particle flow jets 

Calorimeter jets 



K. KousourisHEP XXVIII -- 26 March 2010

Jet energy calibration
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✦ The jet energy calibration is necessary due to the non-linear and non-uniform 
detector response
✦ CMS uses a multi-step approach for jet energy calibration. Each step 
addresses a specific effect:
‣ Offset (removes the average energy due to noise and pile-up)
‣ Relative (removes the pseudorapidity dependence of the jet response)
‣ Absolute (restores the jet response to unity)

✦ CMS will determine the jet energy calibration with direct measurements from 
the data: dijet pT balancing for the relative correction, γ/Z+jet pT balancing for 
the absolute correction

CMS 
simulation 

CMS 
simulation 

Calorimeter jets Calorimeter jets
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Jet energy calibration @ 900 GeV
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✦ The jet energy calibration for the jet commissioning studies with 900 GeV 
and 2.36 TeV collisions is determined from Monte Carlo truth
✦ Jets observed in the first data sample are very soft and require large 
energy correction factors
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The first pp collisions in CMS
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✦ During its early commissioning phase, LHC delivered 
pp collisions at center of mass energies:
‣ 900 GeV (~350k minimum bias events, ~10μb-1)
‣ 2.36 TeV (~10k minimum bias events, <1μb-1)

✦ CMS operated smoothly and took good quality data:
‣ more than 99% of detector channels operational
‣ high data taking efficiency (>80%)
‣ fast data access
‣ first Physics paper already published (“Transverse 
momentum and pseudorapidity distributions of charged 
hadrons in pp collisions at sqrt(s) = 0.9 and 2.36 TeV”--
JHEP 02 (2010) 041)
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Jets from 900 GeV collisions (I)
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✦ Inclusive calorimeter jets after “tight” ID 
requirements to enhance purity
✦ 459 jets with pT > 15 GeV and |η|<2.6
✦ Monte Carlo normalized to data
✦ Good agreement between MC and data in 
both kinematic and composition variables
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Jets from 900 GeV collisions (II)
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✦ Inclusive jet-plus-tracks jets after “tight” 
ID requirements to enhance purity
✦ 302 jets with pT > 13 GeV and |η|<2.0
✦ Monte Carlo normalized to data
✦ Good agreement between MC and data in 
both kinematic and composition variables
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Jets from 900 GeV collisions (III)
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✦ Inclusive particle flow jets after “tight” 
ID requirements to enhance purity
✦ 2,088 jets with pT > 10 GeV and |η|<3.0
✦ Monte Carlo normalized to data
✦ Good agreement between MC and data in 
both kinematic and composition variables number of jet constituents
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Jets from 2.36 TeV collisions

15

✦ Inclusive calorimeter, jet-plus-track and particle flow jets 
after “tight” ID requirements to enhance purity
✦ Monte Carlo normalized to data
✦ Good agreement between MC and data
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Early Physics prospects with jets
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Dijet mass: search for narrow resonances

17FIG. 1: Left panel: dσ/dM (units of fb/GeV) vs. M (TeV) is plotted for the case of SM QCD

background (dashed line) and (first resonance) string signal + background (solid line). The dot-
dashed lines indicate the different contributions to the string signal (gg → gg, gg → qq̄, qg → qg,
and qq̄ → gg). Right panel: pp → dijet signal-to-noise ratio for three integrated luminosities. For

comparison, we also show the signal-to-noise of pp → γ + jet, for κ2 " 0.02, see Ref. [1].

mass window [Ms − 2Γ, Ms + 2Γ]. The noise is defined as the square root of the number of
background events in the same dijet mass interval for the same integrated luminosity.

The top two and bottom curves in Fig. 1 show the behavior of the signal-to-noise (S/N)
ratio as a function of the string scale for three integrated luminosities (100 fb−1, 30 fb−1 and
100 pb−1) at the LHC. It is remarkable that within 1-2 years of data collection, string scales
as large as 6.8 TeV are open to discovery at the ≥ 5σ level. For 30 fb−1, the presence of a
resonant state with mass as large as 5.7 TeV can provide a signal of convincing significance
(S/N = 592/36 > 13). The bottom curve, corresponding to data collected in a very early
run of 100 pb−1, shows that a resonant mass as large as 4.0 TeV can be observed with
10σ significance! Once more, we stress that these results contain no unknown parameters.
They depend only on the D-brane construct for the standard model, and are independent of
compactification details.

For comparison with our previous analysis, we also show in Fig. 1 a fourth curve, for
the process pp → γ+ jet. (In what follows, γ refers to an isolated gamma ray.) In Ref. [2]
a cut (pγ

T > 300 GeV) was selected for discovery of new physics. As far as the signal is
concerned, this cut is largely equivalent to selecting on γ-jet invariant masses in the 2-5 TeV
range, with cuts on photon and jet rapidities |y1|, |y2| < 2.4 [11]. However, for Ms > 2 TeV
the background is greatly reduced with the dijet mass method used here, resulting in an
extension of the discovery reach, up to about 5 TeV [12]. The signal used to obtain the
results displayed in Fig. 1 includes the parton subprocesses gg → gγ (which does not exist
at tree level in QCD, and which was the only subprocess evaluated in [1, 2]), qg → qγ,
q̄g → q̄γ, and qq̄ → gγ. All except the first have been calculated in QCD and constitute the
standard model background. The projection of the photon onto the C gauge boson was also

5

✦ A small amount (10 pb-1) of data @ 7 TeV pp 
collisions will be enough to double the dijet mass 
reach of Tevatron 
✦ Search for narrow resonances (low mass 
string resonances, axigluons, colorons, excited 
quarks, massive gravitons, etc)
✦ Confrontation of the pQCD predictions in a 
new kinematic regime 

PRL 101:241803, 2008
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Figure 1: Measured cross section (points) as a function of dijet mass compared to a smooth fit
(solid curve), and to simulations [17] of both QCD (dashed curve) and excited quark [3] signals
(dot-dashed curves) in the CMS detector. The band shows the systematic uncertainties on the
data (see text). WARNING: CMS DATA IN THIS FIGURE IS FAKE

Tevatron reach 

900 GeV 
data

CDF

CMS 
simulation 
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Dijet ratio 

18

✦ The dijet angular distribution predicted by QCD 
is different from other processes leading to dijet 
production at high masses => sensitivity to new 
Physics (resonances, contact interactions)
✦ Ratio of the number of dijets with |η|<0.7 
over the number of dijets with 0.7<|η|<1.3
✦ Measurement insensitive to many experimental 
uncertainties (e.g. jet energy scale, luminosity)

CMS 
simulation 

CMS 
simulation 
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Inclusive jets
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✦ The inclusive jet cross section is an 
important jet measurement:
‣ direct confrontation of the QCD 
predictions in the TeV scale
‣ sensitivity to new Physics
‣ jet commissioning

✦ Affected by many experimental 
uncertainties (e.g. jet energy scale, jet 
energy resolution, luminosity)

CDF 

CMS 
simulation 
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Azimuthal decorrelation 
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✦ Measurement of the azimuthal angle 
between the two leading jets: sensitive 
to radiation effects without explicitly 
measuring the radiated jets
✦ Test of the pQCD calculations
✦ Sensitivity to multijet production and 
gluon radiation modeling
✦ Not affected by the major jet related 
uncertainties (JES)

Observable: CMS 
simulation 
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Event shapes
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Observable:

✦ Study of the kinematic variables 
(e.g central transverse thrust) that 
probe the structure of the hadronic 
final state
✦ Test of QCD dynamics
✦ Not affected by the JES uncertainty
✦ Can help tune MC generators
✦ Can be used to measure aS
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Jet shapes
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✦ Measurement of the energy profile 
inside jets
✦ Integrated jet shape: average fraction 
of jet transverse momentum inside a 
cone of radius r concentric to the jet 
axis
✦ Jet structure measurements can be 
used to test the showering models in the 
MC generators
✦ Can be used to distinguish gluon 
originated jets from quark jets

CMS 
simulation 

Quark jets are narrower 
than gluon jets ⇒ sensitivity 

to quark-gluon fraction 

Ψ(r) =
1

Njets

∑

jets

pT (0, r)

pT (0, R)Observable:
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Summary

✦ Jets are the most frequently produced objects in hadron colliders. 
Their understanding is essential for the LHC experiments.  

✦ CMS has developed multiple techniques to reconstruct jets in an 
attempt to use optimally the various sub-detectors.

✦ Jet performance studies with the first pp collisions recorded by 
CMS at 900 GeV and 2.36 TeV indicate good agreement between 
data and Monte Carlo, in the low pT regime, for all jet types.

✦ The much higher center of mass collision energy at LHC with 
respect to Tevatron, allows the exploration of the TeV scale with a 
small amount of data: 10-100 pb-1 is sufficient to double or triple 
the jet pT reach. 

✦ CMS has a very rich program of jet measurements to confront the 
QCD predictions and search for new Physics.
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